We use molecular dynamics (MD) based on the modified embedded atom method (MEAM) to determine diffusion coefficients and migration pathways for Ti and N adatoms (Tiad and Nad) on TiN(111). The reliability of the classical model-potential is verified by comparison with density functional theory (DFT) results at 0 K. MD simulations carried out between 600 and 1800 K show that both Tiad and Nad favor fcc surface sites and migrate among them by passing through metastable hcp positions. We find that Nad species are considerably more mobile than Tiad on TiN(111); contrary to our previous results on TiN(001). In addition, we show that lattice vibrations at finite temperatures strongly modify the potential-energy landscape and result in smaller adatom migration energies, Ea = 1.03 for Tiad and 0.61 eV for Nad, compared to 0 K values Ea0K = 1.55 (Tiad) and 0.79 eV (Nad). We also demonstrate that the inclusion of dipole corrections, neglected in previous DFT calculations, is necessary in order to obtain the correct formation energies for polar surfaces such as TiN(111).
Introduction
Transition-metal (TM) nitride thin films are presently utilized in a wide variety of applications [1] [2] [3] [4] [5] based upon their unique properties: high hardness [6] [7] [8] , excellent scratch and abrasion resistance [9, 10] , relatively low coefficient of friction [11] [12] [13] , high-temperature oxidation resistance [14, 15] , metallic to semiconducting conductivity [16, 17] , optical absorption which can be tuned across the visible spectrum [16] , and superconductivity [18, 19] . Recently, TM nitride films with high toughness, the combination of hardness and ductility, have also been synthesized [20] [21] [22] [23] .
During thin-film deposition, nanostructural and surface morphological evolution [24, 25] are largely controlled by the dynamics of adatom surface migration which, in turn, determine nucleation kinetics and film growth modes. The paucity of experimental data on surface dynamics stems from the fact that advanced atomic-scale experimental techniques such as scanning tunneling microscopy (STM) [26] [27] [28] and low-energy electron microscopy [29] [30] [31] , cannot, because of the timescales involved, provide detailed information on atomistic processes governing the initial stages of nucleation and film growth. Thus, computational investigations are necessary to complement experimental data.
Ab initio investigations focusing on atomic diffusion on TM nitride surfaces have been used to predict minimum energy paths and corresponding migration energy barriers at 0 K [32] [33] [34] [35] .
However, the rate of thermally-activated migration events depends not only on diffusion barriers, but also on jump attempt frequencies [36] . Both are affected by atomic vibrations at finite temperatures [37, 38] . Moreover, mass transport properties estimated by 0 K calculations are not reliable for TM nitride systems such as cubic VN which is stable at room temperature [39] due to a large vibrational entropy contribution to the Gibbs free-energy of formation [40] , but dynamically unstable (imaginary phonon frequencies) below 240 K [40] . Molecular dynamics (MD), which inherently resolves the problems mentioned above by integrating Newton's equation of motion for each atom, is the primary computational tool for evaluating jump rates and diffusion paths at finite temperatures and revealing the occurrence of non-intuitive atomistic processes [41, 42] .
Recently, we carried out classical MD (CMD) simulations based on the modified embedded atom method (MEAM) empirical potential to probe intralayer [42] [43] [44] and interlayer [45, 46] mass transport on, as well as the dynamics of N2 desorption from, TiN(001) surfaces [42] . CMD simulations based upon the MEAM potential model have also been used to investigate point-defect formation and diffusion in bulk TiN [41] . The CMD predictions were validated by ab initio MD results [41, 42, 44] .
For TiN, the (001) surface has the lowest formation energy [32, 47] . However, the preferred orientation of polycrystalline TiN thin films has been shown experimentally to be controlled more by growth kinetics and synthesis conditions than by thermodynamics [48] [49] [50] [51] [50, 52, 53] . TiN(111) surface energies and layer relaxations, as well as Ti and N adatom (Tiad and Nad) adsorption and migration energies, have previously been estimated by 0 K density-functional theory (DFT) calculations employing different exchange and correlation energy approximations [32, 34, 35, 47, [54] [55] [56] . To our knowledge, however, the effects of temperature on TiN(111) mass transport dynamics have not been investigated.
Here, we probe the mass transport properties and polarization of stoichiometric TiN(111) surfaces. CMD simulations, benchmarked by DFT results, are used to evaluate Tiad and Nad diffusion coefficients as a function of temperature. We find that on TiN(111), Tiad mobilities are greatly reduced compared to those on TiN(001) [44] . In contrast, Nad species are considerably more mobile on TiN(111) than on TiN(001); in the latter case, nitrogen diffusivities at typical film growth temperatures are limited by N2 desorption, in which the desorbing molecules are primarily composed of N adatoms and N surface atoms [42] . Our CMD results also show that lattice vibrations at temperatures between 600 and 1800 K yield reduced adatom jump activation energies compared to 0 K MEAM and DFT values, confirming the importance of including thermal effects in modeling adatom transport.
Even though the use of periodic boundary conditions generates unphysical dipole-dipole interactions between [111] slab replicas, dipole corrections have been neglected in previous DFT calculations of polar TM nitride and carbide (111) surface properties [47, 54] . We show that accounting for this correction results in a significant reduction in calculated Ti-and N-terminated TiN(111) surface energies.
Computational details
DFT calculations are performed using the VASP code [57] implemented with the projector augmented wave method [58] . Electronic exchange and correlation energies Exc are accounted for with the generalized gradient approximation (GGA) of Perdew and Wang [59] and the local density approximation (LDA). The results obtained with local (LDA) and semi-local (GGA) functionals are compared due to the sensitivity of DFT-estimated surface properties on the Exc approximation [47, 60, 61] . We employ a plane-wave energy cutoff of 400 eV and sample the Brillouin zone on 5x5x1 Γ-centered k-point grids to evaluate the total energy to within an accuracy of 10 -5 eV/atom.
Densities of states (DOS) and charge-transfer maps, obtained by subtracting atomic electron densities from the self-consistent electron density, are evaluated on 7x7x1 k-point grids.
CMD simulations are carried out via the large-scale atomic/molecular massively parallel simulator (LAMMPS) [62] by describing atomic interactions with the second-neighbor MEAM potential [63] . The TiN MEAM-parameterization which we recently developed [43] yields CMD TiN(001) surface mass transport properties in excellent agreement with AIMD predictions [42, 44] and consistent with experimental determination of surface properties governing crystal growth [43, 45, 46] 
Surface and adatom adsorption energies
MEAM and DFT 0 K calculations are employed to estimate adatom adsorption energies, surface relaxation, and surface energies. Diffusion energy barriers and minimum energy paths at 0 K are assessed via the nudged elastic band (NEB) method [70] . Nine and 19 NEB images are used in DFT and MEAM NEB calculations, respectively. 
for which is the total energy of the slab with atoms fixed at their bulk positions, is the total energy of the slab after surface relaxation, n is the number of atoms in the slab, Ebulk is the energy per atom of bulk TiN, and S is the slab surface area. Note that the factor 1/2 in Eq. (1) 
for which is the total energy of the relaxed slab/adatom system, and Eatom is the energy of an isolated spin-polarized Ti or N atom: = -2.275 eV, = -2.000 eV, = -3.007 eV, and = -2.875 eV. Spin relaxation is used to determine ground-state spin configurations.
DFT+GGA adatom adsorption energy landscapes are probed sampling the fcc hcp diffusion path at eleven equally-spaced points. MEAM Ti and N adatom adsorption energy landscapes are computed on N-and Ti-terminated TiN(111), respectively, using Eq. (2) by sampling the surface unit cell on 32x32 point grids. The MEAM total energy of isolated static atoms is zero.
Surface diffusion parameters
We probe Tiad and Nad kinetics on N-and Ti-terminated TiN(111) surfaces, referred to as A single diffusion event requires an adatom to migrate from a stable fcc site through a metastable hcp position to a stable fcc site (Fig. 1) . The total jump rate ktot accounts for all adatom diffusion events. That is, ktot includes adatoms jumping back from an hcp to the initial fcc site.
Using the jump rates k recorded at different temperatures, we extract jump activation energies Ea Tiad and Nad residence times in metastable hcp sites are sufficiently long to assume equal jump probabilities to any of the three neighboring fcc positions (Fig. 2) , including the previously occupied fcc site. The central limit theorem states that, after a time t much larger than the inverse migration rate at a temperature T, a random walk generated by statistically-independent (uncorrelated) consecutive hops, yields a normal distribution probability for finding the diffusing species at a given distance r from the origin [41, 71] . The diffusion coefficient D(T), which on surfaces is related to the width of a bell-shape p(r, t, T) distribution, is expressed as ; k(T) and L(T) are adspecies migration rates and jump lengths, respectively, at temperature T. (Fig. 3a) .
Further symmetry reduction due to surface relaxation divides what are nearly energy-degenerate electronic-states close to -15 eV (Fig. 3a) into two DOS peaks centered at -15 and -14 eV (Fig. 3b) . As demonstrated by the DOS curves in Fig. 3 , both relaxed and unrelaxed six-atomic-layer thick TiN(111) films are metallic, with the Fermi level primarily populated by Ti 3d electrons.
Nevertheless, similar to previous reports for polar insulating/semiconducting oxide surfaces [73, 74] , our DFT results reveal that in conducting TiN(111) layers, the electron reorganization shown in Fig. 4 (Table 2 ). An analogous decrease in , ~10%, is obtained with LDA calculations; our dipolecorrected LDA value, 273 meV Å -2 , is 32% higher than the result we obtain with GGA (Table   2 ). In contrast, including dipole corrections results in negligible variations (within ~3%) in surface relaxations, adsorption energies, and adatom diffusion energy-barriers on TiN(111) surfaces determined via DFT. The discrepancy between classical and ab initio results for Ti-and N-terminated TiN (111) surface relaxations is explained by the fact that charge reorganization, which controls relaxation, is not directly accounted for within the MEAM formalism. DFT charge-transfer maps show that electron distributions in the vicinity of Ti and N ions in inner TiN(111) layers are similar to those observed in bulk TiN (compare Fig. 4 with Fig. 10 in Ref. [76] ), while the charge density surrounding N and Ti surface ions exhibit significantly different shapes. Since MEAM calculates the forces acting on (111) nitrogen and titanium layers by assuming that each ion is embedded in a background electron density with cubic-B1 point-group symmetry, as in bulk TiN (MEAM reference structure), relaxation of the outermost TiN(111) layers is not accurately reproduced.
Despite the rather poor agreement between MEAM and DFT surface monolayer heights d1,2 (see Table 3 linearly augmented plane waves, plane waves, etc.). However, it has been proven that local and semi-local exchange and correlation approximations, typically implemented in DFT, possess an intrinsic flaw which limits their accuracy in describing adsorption energies and surface formation energies [60, 61] . This problem is reflected by the large deviations (~30% for E(111), Table 2 , and ~20% for Eads, Table 4 ) between DFT+LDA and DFT+GGA values obtained in the present work.
Considering the uncertainty associated with DFT values, the agreement between classical and ab initio Eads results is quite reasonable. Figure 5 shows the 0 K MEAM adsorption energy landscape for Tiad (Fig. 5a ) and Nad ( (Table 4) . Although DFT+GGA calculations systematically predict smaller TiN(111) surface formation energies than DFT+LDA (Table 2) , the LDA Ea0K values are within GGA ranges (Table 4) . Considering the wide scatter of DFT Ea0K values, 0 K MEAM+NEB estimates, Ea0K = 1.55 eV for Ti and Ea0K = 0.79 eV for N adatoms, are reasonable and validate the use of the classical potential with our TiN MEAM parameters [43] for the evaluation of adatom diffusion coefficients via CMD.
At temperatures between 600 and 1800 K, CMD simulations show that Ti and N adatoms on TiN(111) favor fcc surface sites and migrate among these sites by transiting through metastable hcp positions (Fig. 2) , as for the 0 K results. Adatom long jumps, i.e. jumps yielding migration distances corresponding to two or more single jumps in the same direction, previously reported for Tiad migration on TiN(001) [43, 44] CMD and MEAM+NEB Tiad and Nad diffusion parameters are summarized in Table 5 .
MEAM adatom 0 K migration energies Ea0K are up to 35% larger than adatom jump activation energies Ea obtained via CMD at temperatures between 600 and 1800 K. Lattice-vibration-induced changes in migration energies are also observed for Ti adatoms on TiN(001) [44] . We have previously shown that, although the Ti adatom MEAM migration energy value (Ea0K = 0.8 eV) on TiN(001) is much larger than that obtained by DFT (Ea0K = 0.43 eV) [43] , density-functional MD and CMD simulations yield similar Ti adatom jump activation energies (Ea = 0.51±0.03 eV and Ea = 0.62±0.01 eV, respectively) and jump rates [44] . For N adatom migration on TiN(001), the 0 K DFT value, Ea0K = 0.95 eV [32, 43] , is ~35% smaller than the ab initio MD result, Ea = 1.4 eV [42] .
We attribute the change in migration energies to modifications in the effective potential energy landscape induced by lattice vibrations at finite temperatures [80] .
Tiad and Nad diffusion coefficients D(T) on TiN(111) (Figure 7 ) are extrapolated from CMD diffusion parameters (Table 5 ) using Eqs. (3) and (4) at T between 670 and 1800 K.
Tiad/TiN(001) diffusivities are added for comparison [44] . The results show that Nad species are considerably more mobile than Tiad on TiN(111) at all temperatures ( Figure 7) . Moreover, Ti adatoms exhibit much lower diffusivity on TiN(111):N than on TiN(001), for which their migration energy, Ea = 0.60 eV (obtained from the rate of uncorrelated jumps) [44] , is almost a factor of two smaller. In contrast, N adatoms exhibit higher diffusivities on TiN(111):Ti than on TiN(001) due, in the latter case, to the combination of a high migration energy, ~1.4 eV, and N2 molecule formation and desorption rates being ~1/4 that of adatom jump rates [42] .
Conclusions
Classical Tiad/TiN(001) [44] diffusion coefficients are shown for comparison. Note that Nad/TiN(001) diffusion coefficients are negligible due to rapid N-adatom/N-surface (Nad/Nsurf) pair formation and desorption [42] .
